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Introduction 44
Prism adaptation has provided a fruitful and powerful paradigm for studying a wide range 45 of phenomena such as procedural memory (Fernandez-Ruiz & Diaz, 1999) , upper limb 46 control (Galea & Miall, 2006 1996a; Morton & Bastian, 2004 ) and spatial neglect (Rossetti et al., 1998) . In all these 49 fields, a correct understanding of the process underlying prism adaptation is crucial for 50 further progress. 51
Within just a few movements, people can adjust to a prism-induced displacement of the 52 visual scene (Harris, 1965) . Three possible mechanisms have been put forward in the 53 literature to explain this: realignment, motor learning and relying on memory. 54
The first mechanism, realignment, is the idea that people realign their vision and 55 proprioception so that the visually perceived position of the hand corresponds to its felt 56 position. It is supported by observed changes in visual and proprioceptive estimates of 57 straight-ahead after adaptation (Hatada, Rossetti, & Miall, 2006; Redding & Wallace, 58 2006 ) and by the transfer of adaptation aftereffects to the non-exposed hand (Choe & 59 Welch, 1974; Hamilton, 1964) . 60
The second mechanism, motor learning, is the idea that people adapt the motor 61 commands that are applied for a specific movement. It is supported by the finding that the 62 transfer of prism adaptation is only partial when tested at a different movement speed 63 (Kitazawa, Kimura, & Uka, 1997) , when throwing in a different manner (Martin, 64 4 initiation (Redding & Wallace, 1996) or when moving with a different load (Fernandez-66 Ruiz et al., 2000) . 67
The third mechanism, relying on memory, is supported by the finding that in the absence 68 of visual feedback about the position of the hand, people reliably drift in a certain 69 direction. Smeets et al. (2006) argued that when people move their unseen hand to a 70 visual target, they do not only use proprioception to localize their hand, but also a of the position of their hand, they will rely increasingly on the proprioceptive estimate 78 when repeatedly pointing at targets without seeing their hand, because each movement 79 adds uncertainty to the visual estimate. That is why they reliably drift in a certain 80 direction (the direction of their proprioceptive-visual mismatch). In this scheme, prism 81 adaptation is straightforward: when looking at the hand through prisms, the visual 82 estimate of the hand's position is shifted in accordance with the prism's visual 83 displacement. Later, when vision of the hand is removed, the memory-based estimate still 84 influences the judged position of the hand for some trials. The extent to which this 85 influence transfers to other judgments depends on the extent to which those judgments 86 rely on this memory-based information (i.e. only when vision is involved in the task;
It has previously been shown that people can simultaneously adapt their arm movements 89 to two opposing visual displacements when each is associated with the movements of a 90 different arm (Galea & Miall, 2006; Mikaelian & Malatesta, 1974; Prablanc, Tzavaras, & 91 Jeannerod, 1975) . This observation can be interpreted in terms of any of the three 92 possible mechanisms outlined above. To discriminate between the three possibilities, and 93 to gain further insight into the mechanisms underlying prism adaptation in general, we 94
performed three experiments using opposite displacements for the thumb and index 95 finger of the right hand. 96
In the main experiment we investigated whether people can concurrently adapt 97 movements of their right arm to two opposing visual displacements (rotations of the 98 visual image that displace the targets by about 5 cm to the left or the right; see Methods) 99 when the two displacements were associated with tapping opposite sides of a 2.3 cm 100 target cube with either the right thumb or the right index finger. We found that people can 101 indeed simultaneously adapt the digits' movements to opposing visual displacements. lack of transfer to another task that does not require the same movement with the same 114 digits appears to support motor learning as the mechanism of adaptation. However, it 115 could also be regarded as support for relying on visual memory, as we may not observe 116 any consequences of updating memory-based visual estimates in the haptic-haptic 117 matching trials because vision is not considered at all when directly matching two 118 proprioceptive estimates (Tagliabue & McIntyre, 2011) . 119
To further distinguish between motor learning and updating the memory-based visual 120 position estimate of each digit, we used a second matching task, in which the felt position 121 was matched with a visual marker (visuo-haptic matching). If adaptation is based on 122 digit-specific motor learning, we do not expect to see any effect of adaptation because the 123 task does not require the specific movements that were adapted. However, because this 124 second matching task is no longer purely proprioceptive, the displaced visual memory 125 trace of the unseen digit could lead to adaptation effects. There was some transfer to this 126 task, indicating that the adaptation observed in the main experiment was a combination of 127 motor learning and updating the memory-based visual position estimate of each digit. Participants started a trial by grasping the 2.3 cm starting cube ( Figure 1 ). The shutter 138 glasses were shut. A 2.3 cm target cube was attached to a wooden board at one of three 139 possible target locations (5 cm apart). The board obstructed the participants' vision of the 140 hand until just before contact with the target cube. Before each trial, participants were 141 told either to touch the left side of the target cube with their thumb or to touch the right 142 side of the cube with their index finger. Once the shutter glasses opened, participants 143 moved the appropriate digit to the appropriate side of the target cube. 144
The pre-and post-adaptation phases each consisted of 15 movements with each digit. 
156
To cancel any unforeseen biases (left-right in relation to finger-thumb) we performed two 157 sessions. In one session, vision was displaced to the right when tapping with the index 158 finger and to the left when tapping with the thumb (we will use the term thumb left to 159 indicate the simultaneous adaptation of the thumb in the leftward direction and the index 160 finger in the rightward direction). In the other session, the displacements were reversed 161 (thumb right). The two sessions were performed on separate days with their order 162 counterbalanced across participants. Within each session, trials were presented in pseudo-163 random order, ensuring that each combination of digit and target location was presented 164 once every six trials. 165
Data analysis 166
To make sure that we had a measure of digit position for each trial that is not influenced 167 by movement corrections based on visual or tactile feedback during that trial, we based 168 our analysis on the marker position 1 cm before it crossed the far-edge of the board. We 169 determined the active digit's lateral position at that time relative to the center of the target cube. The distance between the two, along the edge of the board, was determined for each 171 trial (see example trial in Figure 2a ). For both the thumb and the index finger, we 172
subtracted the values obtained in the session with the rightward displacement (thumb 173 right and thumb left for the thumb and index finger respectively) from those obtained in 174 the session with the leftward displacement (thumb left and thumb right for the thumb and 175 index finger respectively) and divided these values by two (this is the average deviation 176 shown in figure 3a) . 177
We calculated the adaptation effect by taking the difference between the median lateral 178 deviation over all trials of the pre-adaptation phase and the median lateral deviation over 179 the first six trials of the post-adaptation phase. This adaptation effect itself is not a good 180
indicator of how much subjects are adapted, as the effect of an actual 5 cm target 181 displacement on the finger movements is likely to be less than 5 cm and to differ between 182 subjects (Franz, 2003) . We therefore determined a corrected adaptation effect by 183 dividing the adaptation effect by the effect that one finds for a real displacement of the 184 same size as the perturbation (either 5 or -5 cm), so that a value of 1 indicates complete 185 adaptation (this is the corrected adaptation effect shown in figure 3b ). For this division, 186
we determined the lateral deviation that is found with an actual 5 cm target displacement 187 by comparing the movements to different target positions for each participant and digit. 188
We tested whether the corrected adaptation effect was significantly larger than 0 using 189 one-tailed one-sample t-tests (for each digit separately) and whether there was a 190 difference between the corrected adaptation effects for the two digits using a two-tailed
Transfer experiments 194
Procedure 195
The transfer experiments consisted of two types of trials: touch trials, that were identical 196 to those in the main experiment, and matching trials. For the matching trials, the target 197 cubes were attached underneath the board, 10 cm closer to the participant than the three 198 positions used for the touch trials. This way, participants could match the felt position of 199 the cube below the board with a matching cube above the board, without ever seeing the moved the cube to the left and pulling the right part of the loop downward moved the 228 cube to the right). When the digit was touching the target cube, the shutter glasses opened 229 (both eyes) and the participant's task was to align the visible matching cube attached to 230 the string with the target cube that they felt with their right hand underneath the board. 231
When the participant indicated that he or she was satisfied with the match, the 232 experimenter recorded the positions of both cubes. 233
Data analysis 234
To make sure that people could in fact simultaneously adapt the movements of the thumb 235 and index finger of the same hand to opposing visual displacements, we took the touch 236 data (analyzed in the same way as for the main experiment) of all 16 participants and 237 tested whether the corrected adaptation effects of the thumb and the index finger were significantly larger than 0 using two one-tailed one-sample t-tests. We also tested 239 whether the amount of adaptation was different for the two digits using a two-tailed 240 paired-sample t-test. Because each participant only did either the thumb right or thumb 241 left adaptation, instead of subtracting the leftward from the rightward displacements for 242 each digit, we just calculated the percentage of the corrected adaptation effect for each 243
digit. 244
The corrected adaptation effect during haptic-haptic and visuo-haptic matching trials was 245 calculated in an analogous manner to the effect in the touch trials. Adaptation effects in 246 the haptic-haptic matching trials were corrected for matching errors in depth by 247 extrapolating all positions along a line from the estimated position between the two eyes 248 until they intersect with the edge of the board. These intersection points were used in 249 further calculations. Such a correction was not necessary for the visuo-haptic matching 250 trials as the matching cube was constrained in depth by the string. 251
We tested whether adaptation effects were significantly larger than 0 with one-tailed one-252 sample t-tests and whether there were systematic differences between the adaptation 253 effects between the touch and the matching tasks with two-tailed paired-sample t-tests. 254
255

Results 256
Providing monocular vision through a differently oriented prism for each digit initially 257 made participants make the expected errors (Figure 2 and Figure 3 ), but they quickly 258 adapted to the opposing visual displacements so that performance shifted towards their 259 baseline performance during the pre-adaptation phase, although it never quite reached 260 such performance. When the prisms were removed, the movements of both digits diverted in the opposite directions than the initial errors, even though participants knew 262 that the prisms had been removed; an aftereffect indicating that the improved 263 performance was based on adaptation rather than on a strategic process (Welch, 264 Bridgeman, Anand, & Browman, 1993). 
281
The amount of adaptation of the thumb and the index finger was not significantly 282 different (t(7)=0.698, p=.508, Figure 3b ), but although the corrected adaptation effect 283 was clearly significantly larger than 0 for the thumb (67±7%, t(7)=9.78, p<.001), there 284 was only a trend for it to be larger than 0 for the index finger (47±31%, t(7)=1.49, p=.09). 
289
Corrected adaptation effects (for details about the measures, see the methods section).
291 292
Transfer Experiments 293
In the main experiment, we investigated whether people could adapt the movements of 294 the thumb and index finger of the same hand to opposing visual displacements. It seems 295 that they can: the amount of adaptation did not differ between the digits although the 296 adaptation of the index finger only showed a trend in the expected direction. We 297 proceeded with two more experiments aimed at two things: First, to replicate our finding 298 that people could simultaneously adapt the movements of the thumb and index finger of 299 the same hand to opposing visual displacements, and second, to investigate the transfer of 300 the adaptation to two other tasks. To achieve these goals we replicated the main 301 experiment, introducing a second task before and after the adaptation phase of the touch 302 task to measure the transfer to other tasks (matching). 303
The results of the combined touch trials in both transfer experiments (irrespective of the 306 matching task) confirmed that both the movements of the thumb (35±9%, t(15)=3.805, 307 p=.001) and the index finger (39±8%, t(15)=4.656, p<.001) adapted to the visual 308 displacement (Figure 4a ). Again, there was no significant difference between the amount 309 of adaptation of the thumb and the index finger (t(15)=0.311, p=.760). That the non-310 significant difference was in the opposite direction than the non-significant difference in 311 the main experiment (slightly less rather than more adaptation for the thumb) is evidence 312 that the digits adapt about equally. Therefore, for further analysis of the transfer 313 experiments we averaged the adaptation effects of the thumb and index finger. 
319
Haptic-haptic matching 320
The adaptation during touch trials did not systematically influence haptic-haptic matching 321 (3±3%, t(7)=0.857, p=.21, Figure 4b ). This is not due to a lack of adaptation since the 322 aftereffect was clearly present in the touch trials performed after the haptic matching 323 trials (35±5%, t(7)=7.031, p<.001). The amount of adaptation in the touch trials is 324 significantly higher than in the match trials (t(7)=8.128, p<.001).
326
Visuo-haptic matching 327
The adaptation during touch trials did influence visuo-haptic matching significantly 328 (15±7%, t(7)=2.110, p=.037, Figure 4c ). The aftereffect was also present in the touch 329 trials performed after the haptic matching trials (39±10%, t(7)=3.824, p=.004). The 330 amount of adaptation in the touch trials is not significantly different from the amount of 331 adaptation in the matching trials (t(7)=1.577, p=.159), despite the apparent difference 332 between the mean values. This suggests that although adaptation during touch trials 333 influenced visuo-haptic matching systematically, the extent to which it did so differed 334 strongly between participants. Perhaps subtle differences between the tasks, and between 335 how individuals performed the tasks, reduced the transfer to different extents in different 336 participants. This interpretation is supported by the fact that we did not find a positive 337 correlation between participants' aftereffects in the matching trials and in the touch trials 338 We showed that participants could adapt movements of the digits of the same hand to 343 prisms with different orientations. Prism adaptation is frequently explained by 344 realignment of people's visually perceived directions with the felt position of their hand 345 to ensure that the visually perceived position of the hand corresponds to its felt position. 346
The design of the current study rules out such an explanation for the data presented here. 347
Although the adaptation was performed while viewing with a single eye, participants saw the target cube with both eyes during the post-adaptation phase, so the simultaneous 349 adaptation in opposite directions for the two digits cannot be mediated by eye-dependent 350 changes in the judged visual direction of the target cube. Also, since the same hand made 351 similar movements when tapping with the index finger as when tapping with the thumb, 352 the adaptation cannot be mediated by changes in the felt position of the hand. In 353 principle, realignment could have taken place in the joints of the individual digits, but the 354 absence of transfer to the haptic-haptic matching task shows that this is not the case. 355
The results of the visuo-haptic matching experiment show that there is at least some 356 transfer from touch trials to the visuo-haptic matching trials. As these matching trials did 357 not involve any active movement of the right hand of the participants, such transfer 358 cannot be explained by motor learning. Therefore, we conclude that adaptation is at least 359 partly mediated by memory-based visual position estimates of the right hand having been 360 updated. The observation that the average adaptation effect in the matching trials is 361 considerably lower than in the touch trials, yet the difference between the adaptation 362 effects in the touch trials and matching trials is not significant, shows that there is 363 considerable between-subject variability in the amount of transfer. There are several 364 possible reasons for such variability. Some participants may have mainly updated 365 memory-based visual position estimates of the unseen digits to cope with the visual 366 displacements, whereas others may have mainly relied on motor learning. Alternatively, 367 for some subjects the adaptation might have been more constrained to a specific area of 368 the workspace than for others (Ghahramani 
